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disease and asthma. Interestingly, in
the fly, infection induces an epithelial
oxidative burst in the gut, for which
Duox is responsible [18]. Thus, it is
possible that the H2O2 burst is
a general primary response, not only
to wounding but also to various
stressors, including infection and
heat, which induce inflammatory
feedback of leukocytes.
Further studies of H2O2 gradients
and leukocyte responses in acute and
chronic inflammation using diverse
systems, including zebrafish and mice,
will hopefully continue to provide
new insights into innate immunity.
The work of Niethammer and
colleagues [1], along with other recent
reports [7,18], suggests that innate
immune responses are not restricted
to blood cells in vertebrates and that
H2O2 plays many other roles than just
bleaching our wounds.
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R555Genome Dynamics: Transposition
and the Single Cell
Ciliate development requires assembly of functional genes from segments
separated by intervening sequences now shown to have properties of
transposons. This may be a relic of a time when transposition drove genome
evolution, leading to the differentiation of the germline micronucleus and
somatic macronucleus.David J. Finnegan
It has been clear for some time that
transposable elements are major
players in the evolution of both genes
and genomes.Much of theDNAofmost
genomes comprises transposable
elements. Some genes have
incorporated transposable element
sequences into their coding or
regulatory regions, and others have
evolved after being duplicated by
recombination between non-allelic
copies of transposable elements [1].
There are even instances in which
transposition or transposition-related
events play an important role in the
life cycle of particular species.Nowhere is this more striking than
in ciliates.
Ciliates are complex single celled
organisms having two genetically
distinct types of nucleus in each cell:
a micronucleus which contains the
complete genome of the species, but
which appears to be genetically silent
although perhaps not transcriptionally
inert [2]; and a macronucleus in which
genes are expressed. Each cell has one
or more of each type of nucleus
depending on the species [2]. The
micronucleus is diploid and undergoes
meiosis during mating to form haploid
nuclei that are exchanged by mating
cells. These fuse with a second haploid
nucleus in the recipient to form thediploid zygotic nucleus (Figure 1).
The micronucleus is thus akin to the
germline with the macronucleus
being the soma.
The parental macronucleus in each
daughter cell breaks down after mating
to be replaced by a new macronucleus
derived from the micronucleus. This is
a remarkable process which involves
DNA amplification, elimination of most
of the micronuclear genome, and
rearrangement of remaining sequences
to form functional genes. These events
have been seen in all ciliates that
have been studied so far, but are
most extreme in species of the class
Hypotrichea, such as Oxytricha trifallax
and Euplotes crassus, where 95%
of the micronuclear DNA is lost
and the macronuclear genome
comprises thousands of polytenized
nano-chromosomes containing
a single gene and amplified
about 1000-fold [2].
The DNA that is removed in this
process is not just that which lies
between the genes in micronuclear
chromosomes: the genes themselves
are fragmented by DNA insertions that
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Figure 1. The mating of an idealised ciliate showing the behaviour of the micronucleus (small)
and macronucleus (large).
Two cells of different mating type (red or green) meet (1). The cells conjugate and the micro-
nucleus in each cell undergoes meiosis (2). Three of the four haploid products die (3) and the
remaining haploid nucleus divides by mitosis (4). The mating cells exchange one haploid
nucleus (5). The two haploid nuclei in each cell fuse to form the new diploid micronucleus
(yellow) (6). This undergoes mitosis (7) and the old macronucleus breaks down to be replaced
as a result of DNA rearrangement in one of the diploid nuclei (8). The other diploid nucleus
remains as the new micronucleus. (Adapted from [8].)must be eliminated to allow the
assembly of functional genes. Even
more extraordinarily, the order and
orientation of the segments of
a particular gene may differ in the
micronucleus compared to the
macronucleus (Figure 2) [3,4]. Similar,
but less extreme, rearrangements
take place in Tetrahymena and
Paramecium species of the class
Oligohymenophorea [2].
The sequences inserted within
micronuclear genes are known as
‘internal eliminated sequences’ (IESs)
and are distinct from introns that are
removed during RNA processing.
About 50,000 IESs must be eliminated
from the O. trifallax genome after
each mating. The majority are 10–500
base-pairs long and differ in sequence
one from the other. A clue as to themechanism that mediates these
remarkable molecular gymnastics can
be found in the sequences of IESs
as they usually have short, often
imperfect terminal inverted repeats and
are flanked by direct repeats 2–7
base-pairs long. These are present only
once at the corresponding site in the
macronuclear genome, the other copy
having been removed together with
the adjacent IES. The direct repeats
vary in sequence in O. trifallax,
whereas in Euplotes crassus they
are always of the dinucleotide TA.
Terminal inverted repeats flanked
by short direct repeats are a signature
of transposable elements, and in
particular those that move by excision
and insertion. These are usually
referred to as transposons, or Class
II elements. Is this a clue as to themechanism by which IESs have spread
in ciliate genomes and by which they
are eliminated after each mating?
Recent results suggest that the
answer is ‘‘Yes’’.
In addition to short IESs, the
micronuclear genes may also contain
longer repeats. These are 4–5 kilobases
long, and like other IESs have terminal
inverted repeats flanked by short
direct repeats. These are called
‘telomere-bearing elements’ (TBEs)
because they have a few copies of the
telomere repeat C4A4 adjacent to the
terminal inverted repeats. There are
three TBE families, TBE1, TBE2, and
TBE3, each with about 1000 members
in the micronuclear genome but
none in the macronucleus [2,5].
TBEs appear to contain three genes,
one of which is predicted to code for
a protein with a D,D35E motif similar to
that found in the active site of retroviral
integrases and the transposases of
a large group of transposons including
members of the mariner/Tc1
superfamily [6,7]. Both the degree of
sequence conservation of the putative
transposases encoded by TBE1 and
TBE2 and the ratio of synonymous to
non-synonymous mutations in the
genes coding for them suggest that
they are under selection and are
therefore functional [3]. The situation
for TBE3 is less clear as most of the
elements that have been sequenced
have two stop codons in the putative
transposase gene [8].
The first direct evidence that these
TBE encoded proteins are indeed
responsible for IES excision has been
reported by Nowacki et al. [8]. They
have shown that polyadenylated RNA
from the transposase genes of TBE1,
2 and 3 is present in O. trifallax cells
after conjugation, with a peak of
expression at about 24 hours after cells
of the opposite mating type have been
mixed. This corresponds roughly to the
time at which IES excision occurs, and
injection of double-stranded RNA
corresponding to the TBE transposase
genes inhibited IES excision. Excision
and correct assembly of coding
sequences were not blocked
completely by the double-stranded
RNA; cells in which rearrangement was
prevented may well have died, but
a large number of partially or aberrantly
assembled macronuclear sequences
were detected in DNA amplified
and cloned from double-stranded
RNA-treated cells one week after
injection. These could not be detected
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weeks after injection, presumably
because the effect of double-stranded
RNA had worn off by then, or the
residual level of transposase was
sufficient to complete gene
reorganisation. Unfortunately, no DNA
was amplified and cloned from
uninjected cells after one week to
reveal the normal efficiency of
rearrangement at this stage and,
somewhat surprisingly given the
degree of sequence divergence
between the TBE elements, the level
of TBE3 RNA was reduced to about
the same extent by the injection
of a mixture of TBE1 and TBE2
double-stranded RNA, as it was
by injection of all three TBE
double-stranded RNAs.
While these data strongly suggest
that expression of the TBE-encoded
transposases is required for IES
excision, the mechanism by which this
occurs is less clear. Transposons
excise as a result of the binding of
transposase to the terminal inverted
repeats of an element followed by
cleavage of both strands of DNA at
each end. This takes place in a synaptic
complex in which the ends of the
element are brought together by
interaction of transposase molecules
bound to them [9–12]. It is difficult
to imagine how a dimer of TBE
transposase could do this with IESs
shorter than about 40 or 50 base pairs.
Furthermore, the binding of an inverted
repeat by its cognate transposase is
sequence specific and, for mariner
elements at least, the transposases
and inverted repeats of even closely
related elements do not cross-react
[13]. Given the large number of IESs
within theO. trifallax genome, their lack
of sequence similarity, and the small
number of different TBEs, it is difficult
to see how excision of all IESs
takes place.
The organisation of the micronuclear
genome of ciliates is presumably
the result of a burst of transposition,
perhaps following the arrival of
a founder element by horizontal
transfer [14]. If this occurred only once
in the ciliate lineage, then this must
have been a very long time ago as
ciliates separated from other
eukaryotes about one billion years ago
[2]. There is no evidence for recent
transposition of short IESs, but some
TBEs are still transpositionally active
[3,15]. Insertion of a founder
transposon into genes may have led to1      2       3       4       5       6       7       8      9   
 
3           4          6           5          7          9            1           82
A
B
Current Biology
Figure 2. IES elimination and reorganization of the actin 1 gene of Oxytricha nova.
The organization of sequences in the micronucleus is shown in (A) and the organization in the
macronucleus is shown in (B). Segments of the gene are shown in blue, IES sequences in
green and flanking DNA in brown. The lines connecting parts A and B indicate the reordering
of the segments required to construct the functional gene in the macronucleus. Segment ‘2’ is
inverted during this process. (Adapted from [4].)evolution of programmed IES excision
and then of the micronucleus and
macronucleus. This, in turn, would have
removed some of the constraints on the
spread of the transposon within the
genome allowing its further
amplification.
Chromatin diminution in ciliates
is not the only example of
a transposition-like mechanism
mediating the rearrangement of DNA
sequences to assemble a functional
gene. Similar events take place to
generate functional immunoglobulin
or T cell receptor genes during the
differentiation of B cells or T cells,
respectively [16], and are partly
responsible for the generation of
antibody and T cell receptor diversity.
This seems also to have evolved as
a result of integration of a transposon
within coding DNA. These insertions
are present in the genome of the
germline and must be removed in
the relevant somatic cells to allow the
genes to be expressed. Like IESs,
the DNA that is excised has imperfect
terminal inverted repeats, but in this
case these are very similar for each
excised fragment, and excision is
mediated by the RAG1/2 recombinase,
the RAG1 component of which appears
to be derived from the transposase of
a Transib transposon [17]. The genome
of the nematode Ascaris suum also
undergoes DNA loss when the soma is
differentiated from the germline [18].
This is associated with fragmentation
of chromosomes but there is, as yet,no evidence that transposons or
transposases are involved.
One wonders how many other
examples of transposase mediated
DNA rearrangements may have been
incorporated into the life cycle of
species whose genomes remain
to be sequenced?
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of Retinoic Acid
Retinoic acidwas thought to play a key in
and subsequent patterning. New results
permissive: retinoic acid is essential onl
signals that otherwise inhibit the limb fie
Mark Lewandoski
and Susan Mackem
Vitamin A is a nutritional supplement
essential for various aspects of adult
physiology as well as normal
embryogenesis. The primary metabolic
derivative of vitamin A is retinoic acid,
a small lipophilic molecule acting as
a ligand that binds to nuclear receptors
of the steroid receptor superfamily.
These receptors bind to genomic
retinoic acid responsive elements
(RAREs) and function either as
transcriptional activators or repressors
depending on whether or not they are
bound by retinoic acid [1]. During
embryonic development, retinoic acid
levels must be correctly regulated;
excess levels are teratogenic, often
causing defects in the same embryonic
processes that are thought to require
retinoic acid signaling during normal
development [1]. The rate-limiting step
in retinoic acid synthesis from vitamin
A is controlled by one of three
retinaldehyde dehydrogenases (Raldh
1, 2 or 3), each of which is expressed in
restricted temporal-spatial domains in
the embryo [2]. Raldh2 plays the most
important role in early embryogenesis
as it is responsible for nearly all retinoic
acid production during early
development [3]. Oxidation of retinoic
acid, leading to its degradation and
removal, is carried out by several
cytochrome P450 family membersMariner-like transposable elements. Mol. Biol.
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structive role during limbbud initiation
argue instead that its role is
y to antagonize early axial Fgf
ld.
(Cyp26a1, b1 and c1), which are also
expressed in spatially restricted
domains, frequently complementary
to that of the Raldh synthetic enzymes
in the early embryo [1] (Figure 1). It is
clear that such specific sites of retinoic
acid synthesis and degradation result
in graded retinoic acid distributions,
which have been implicated in the
instruction of embryonic patterning
by a large body of work spanning
three decades. Now focusing on the
embryonic limb in a recent issue of
Current Biology, Duester and
colleagues [4] challenge some of these
long-accepted models and propose
that retinoic acid plays no instructive
role, but rather acts entirely
permissively in limb initiation and
patterning (Figure 1).
Retinoic acid was the first candidate
molecule hailed as a ‘morphogen’ — a
diffusible signal that generates pattern
in the embryo because cells receiving
the signal respond differently at
different threshold concentrations of
the signal. This hypothesis was
proposed based on studies of limb
development, one of themost intensely
studied aspects of vertebrate
morphogenesis [5]. Limbs originate as
outgrowths of mesenchyme, jacketed
in ectoderm, budding from the lateral
plate of the embryo. Once limb bud
formation is underway, the bud is
a self-organizing system maintained
by mutual cross-regulation of several18. Bachmann-Waldmann, C., Jentsch, S.,
Tobler, H., and Muller, F. (2004). Chromatin
diminution leads to rapid evolutionary
changes in the organization of the germ line
genomes of the parasitic nematodes A. suum
and P. univalens. Mol. Biochem. Parasitol.
134, 53–64.
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DOI: 10.1016/j.cub.2009.06.024signaling centers that coordinate
patterning and growth: the most
important of these are the apical
ectodermal ridge (AER), a specialized
ectoderm ridge along the distal edge
of the limb bud secreting Fgf signals
that support cell survival and outgrowth
of the proximal-to-distal axis (shoulder
to digits), and the zone of polarizing
activity (ZPA), which secretes Sonic
Hedgehog (Shh) to pattern the
anterior-to-posterior axis (thumb to
pinky) (Figure 1). These signaling
centers have been largely conserved
across vertebrate evolution — they
function in an analogous manner even
during early pectoral fin development
in fish. The ascendancy of retinoic
acid to morphogen status began when
it was found to effectively mimic the
action of the ZPA and thus was
hypothesized to be the long sought for
molecular effector of ZPA function.
Subsequent work revealed that retinoic
acid was not the endogenous ZPA
signal but rather induced expression of
the transcription factor Hand2, which
polarizes the limb AP axis and activates
Shh, which then carries out ZPA
functions [6].
Besides its possible role in
anterior-posterior patterning, retinoic
acid may act in patterning the limb
proximo-distal axis. Retinoic acid acts
as a proximalizing agent in amphibian
limb regeneration, which shares some
regulatory features with normal limb
development. Retinoic acid treatment
of amputation blastemas clearly leads
to a re-establishment of proximal fates
with ensuing outgrowth of a complete
set of duplicated proximo-distal
structures [7]. In the chick embryo,
retinoic acid regulates the proximal
expression of the tale-homeobox gene
Meis/Meis2 in the limb [8], noted for its
role in specifying ‘proximal’ segment
